Spin ices are exotic phases of matter characterized by frustrated spins obeying local "ice rules", in analogy with the electric dipoles in water ice. In two dimensions, one can similarly define ice rules for in-plane Ising-like spins arranged on a kagome lattice. These ice rules require each triangle plaquette to have a single monopole, and can lead to various unique orders and excitations. Using experimental and theoretical approaches including magnetometry, thermodynamic measurements, neutron scattering and Monte Carlo simulations, we establish HoAgGe as a crystalline (i.e. non-artificial) system that realizes the kagome spin ice state. The system features a variety of partially and fully ordered states and a sequence of field-induced phases at low temperatures, all consistent with the kagome ice rule.
Frustration in spin systems can result in the formation of exotic phases of matter (1) . One example is the pyrochlore spin ice, in which four nearest-neighbor Ising-like spins sitting at the vertices of a tetrahedron are forced by the exchange and dipolar interactions to obey the "ice rule": two spins pointing into and the other two pointing out of the tetrahedron. Such a local constraint can lead to a macroscopic number of degenerate ground states or an extensive ground state entropy (2) (3) (4) (5) (6) (7) (8) .
In two dimensions (2D), ice rules can be similarly defined for in-plane Ising like classical spins residing on the kagome lattice (9) (10) (11) , which require two-in-one-out or one-in-two-out local arrangements of the spins on its triangles. By viewing each spin effectively as a magnetic dipole formed by two opposite magnetic charges or monopoles, the ice rule leaves either a positive or a negative monopole (Qm=±1) at each triangle, and gives a ground state entropy of ~0.501kB per spin, where kB is the Boltzmann constant. However, a √3 × √3 ground state can be selected by further neighbour exchange couplings or the long-range dipolar interaction (9) (10) (11) .
Consequently, kagome spin ices show a characteristic multi-stage ordering behavior under changing temperature.
Experimentally, kagome spin ices have only been realized in artificial spin ice systems formed by nanorods of ferromagnets organized into honeycomb networks (12) (13) (14) (15) (16) (17) (18) . However, the large magnetic energy scales and system sizes make it challenging to explore the rich phase diagram of spin ices in the thermodynamic limit (17, 18) . Alternatively, kagome ice behavior has been reported in pyrochlore spin ices such as Dy2Ti2O7 and Ho2Ti2O7 under magnetic field along the [111] direction (19) (20) (21) . At the right strength, such a magnetic field can align the Ising spins on the triangular layers of the pyrochlore structure; because the field does not break the ice rule, the in-plane components of the spins on the kagome layers can satisfy the kagome ice rule.
However, this is true only in a narrow range of field strength (less than 1T), owing to the weak exchange/dipolar interactions in such systems. Most recently, a magnetic charge order has been suggested in the tripod kagome compound Dy3Mg2Sb3O14 (22, 23) , and a dynamic kagome ice has been observed in Nd2Zr2O7 under field along the [111] direction (24, 25) , but a long-range spin order does not appear in either case even at the lowest temperature.
Here, we use multiple experimental and theoretical approaches to show that the intermetallic compound HoAgGe is a naturally existing kagome spin ice that exhibits a fully ordered ground state.
Structure and magnetometry measurements
HoAgGe is one of the ZrNiAl-type intermetallics with space group P-62m, which is noncentrosymmetric. In particular, Zr sites in the ab plane form a distorted kagome lattice (26, 27) [ Fig. 1A ]. The distortion is characterized by opposite rotations of the two types of triangles in the kagome lattice by the same angle (~15.58º in HoAgGe) around the c axis. The rotation breaks the spatial inversion symmetry of a single kagome layer, although it does not change the space group of the 3D crystal (28) . Previous neutron diffraction measurements suggested the presence of noncollinear magnetic structures of HoAgGe (29) , but the powder samples used in that work yielded limited magnetic peaks that were insufficient to fully determine the magnetic structure, especially in the presence of frustration. Below we combine neutron diffraction with thermodynamic measurements in single-crystalline HoAgGe to reveal its exotic temperatureand magnetic-field-dependent magnetic structures, which we show to be consistent with the kagome ice rule.
Each Ho 3+ atom in HoAgGe has ten 4f electrons. According to Hund's rules they should have the ground state of 5 I8 with an effective magnetic moment μeff=10.6 μB, as confirmed by our Fig. 1D . Together with the χ(T) data above, the lack of any clear magnetic transitions for H//c confirms that the Ho spins in HoAgGe are constrained in the ab plane, and have additional in-plane anisotropies, similar to that in the isostructural TmAgGe and TbPtIn (30) .
Magnetic structures determined from neutron diffraction
To fully determine the nontrivial spin structures of HoAgGe, we performed single-crystal neutron diffraction experiments down to 1.8K and under H//b up to 4T (31) . Below the hightemperature transition T2=11.6K, a magnetic peak appears at (1/3, 1/3, 0) ( Fig According to neutron data at 10K ( Fig. S5A ), the magnetic structure belongs to the magnetic space group P-6'm2' (Table 1) , which has three nonequivalent Ho sites labeled by Ho1, Ho2, and Ho3 in Fig. 2B . Six other Ho positions in the magnetic unit cell are obtained from above three by three-fold rotations around the c axis. Because there are no magnetic contributions at nuclear sites at 10K, the simplest possibility for (MHo1, MHo2, MHo3) is (M, -M, 0), with M determined to be 5.2(1)μB ( Table 1 and Fig. S10B ). This corresponds to Ho1, Ho2 exhibiting ordered moments of the same size but opposite directions, and Ho3's moment fluctuating without ordering. Such a partially-ordered magnetic structure is shown in Fig. 2C , with the ordered moments forming clockwise or counterclockwise hexagons separated by the unordered moments. The structure thus has a nonzero magnetic toroidal moment defined by = 1 ∫ 3 × (32). Similar partially-ordered structures have also been observed in the isostructural Kondo lattice CePdAl below 2.7K with easy c-axis anisotropy (33) , and in hexagonal UNi4B below 20K with two thirds of U moments forming in plane clockwise hexagons (34) .
Below T1~7 K, Ho3 moments also enter the long-range order, as indicated in the inset of Fig To confirm that HoAgGe is indeed a kagome spin ice, however, it is necessary to show that the ice rule is established even outside the fully ordered ground state (9) (10) (11) . The kagome ice rule requires dominating nearest-neighbor ferromagnetic coupling between coplanar spins with sitedependent Ising-like uniaxial anisotropy (9-11). Using neutron diffraction under magnetic fields we show that these requisites are indeed satisfied in HoAgGe. Figure 2D displays the neutron-scattering integrated intensities of the magnetic peaks at (-1/3, 2/3, 1) ( Fig. S4B ) and
(1/3, 4/3, 1) vs. the strength of the magnetic field along the b axis at 4K. Overall the intensity decreases with increasing field and disappears at H>3.2T, with sudden changes at the metamagnetic transitions depicted in Figs. 1, C and D, suggesting the shrinking of the magnetic unit cell in field. To obtain further information, we refine the magnetic structures at the three major M(H) plateaus from the neutron scattering. The magnetic field breaks the 3-fold rotational symmetry and turns the ground state magnetic space group P-6'm2' into Am'm2', with the 9
Ho moments in the √3 × √3 unit cell forming 6 nonequivalent groups [ Fig. 2G ].
Figures 2, G-I, show
the magnetic structures at the three major plateaus, obtained from the neutron data taken at 1.8K and H=1.5T, 2.5T, and 4T along the b axis, respectively (also see Table 1 for the refinement factors). One first notices that all of them can be obtained from the ground state by reversing certain Ho spins, with negligible rotation from their local Ising axis (31) . This is strong evidence for the Ising-like anisotropy of the Ho moments, with the local easy axes defined by a perpendicular mirror plane through each atom. The Ising-like anisotropy is further confirmed by our Crystalline Electric Field (CEF) calculations below. Moreover, in all three structures the spins are always reversed in such a way that the one-in-two-out or twoin-one-out ice rule is satisfied, but the total magnetic moment along b increases with increasing field. At H=4T, the magnetic unit cell becomes identical to the structural unit cell (14, 15, 18) , and has the largest possible net moment allowed by the ice rule. This is further corroborated by the identical magnetization jump of 1.7μB/Ho at the three metamagnetic transitions at 1.8K ( Fig.   S2B ). Assuming the magnetic structures in Figs. 2, G-I, this jump can be translated to an ordered moment size of M=(9/2)×1.7μB=7.65μB, roughly consistent with that determined from neutron data at zero field [7.5(1)μB at 4K and 5.2(1)μB at 10K]. These results indicate that the Ho moments at low temperatures are constrained by the kagome ice rule. The metamagnetic transitions result from the competition between the external magnetic field and the weaker, further than nearest-neighbor couplings that do not affect the ice rule. For a detailed analysis of the three magnetic structures, see (31) .
Specific heat and magnetic entropy
Having established the existence of the kagome ice rule in HoAgGe at low temperatures, we now proceed to examine the thermodynamic behaviors of kagome spin ice. To this end we isolate the magnetic contribution to the specific heat Cmag by subtracting the contributions from nuclei, lattice vibrations, and itinerant electrons (31) . Figure 3A shows the Cmag thus obtained from 136K down to 0.48K. Besides the two peaks at T1 and T2, another broad peak appears at 26K that is discussed further below. Figure 3B shows the magnetic entropy Sm(T) obtained by integrating Cmag(T)/T from (nominally)
T=0K. At high temperatures >100K, Sm approaches Rln17, consistent with the 5 I8 state of an isolated Ho 3+ and close to that of the structurally similar intermetallic compounds HoNiGe3 (38) and Ho3Ru4Al12 (39) . For the ideal kagome spin ice, however, Sm should approach Rln2 at high temperatures because of the Ising anisotropy. The temperature dependence of the magnetic entropy of HoAgGe thus must be analyzed together with the CEF splitting of the Ho 3+ J=8 multiplet (see below).
Short-range spin-ice correlations stemming from kagome ice rule can lead to a broad peak in specific heat Cmag(T) at the temperature scale corresponding to the nearest neighbor exchange coupling (10, 11) . To investigate the origin of the broad peak at 26 K in Fig. 3A , we also investigated Lu1-xHoxAgGe (x=0.52 and 0.73). Because Lu 3+ is not magnetic, the exchange interaction between Ho moments is suppressed as x decreases, whereas the CEF splitting that can lead to the Schottky anomaly should not change much. As shown in Fig. S11 , the T1 and T2
for the magnetic transitions shift down to 8K and 4K for Lu0.27Ho0.73AgGe, and for Lu0.48Ho0.52AgGe T2 shifts to 5 K with T1 <1.8K. However, in both cases the broad anomaly in the Cmag curves still appears at about 26K. We therefore conclude that the broad peak is a Schottky anomaly caused by the CEF splitting of Ho 3+ multiplet.
To clearly see the effects of short-range correlations caused by the exchange interaction between Ho moments, we subtract the normalized Lu1-xHoxAgGe magnetic specific heat from that of pure HoAgGe [Fig. 3C ]. The resulting ΔCmag is almost constant (within the error bar) above 20 K, but increases as T goes below 20K until reaching a maximum at the transition to the partially ordered state; therefore short-range spin ice correlations still exist below 20K.
However, the broad peak characteristic of an ideal kagome ice model (10, 11) is absent, which will be discussed further below.
Inelastic neutron scattering and CEF analysis
To see to what extent the Ho spins can be approximately viewed as Ising, we next discuss the Based on the INS data at 10K and the magnetic specific heat result above 20K in Fig. 3A , we did a combined fitting [ Fig. 3E ] to obtain the CEF Hamiltonian. The nine CEF parameters from the fitting are listed in Table S3 . As shown in Table 2 , among the 17 CEF levels, the lowest four with energies less than 1 meV should be the major ones contributing to the kagome ice behavior at low temperatures. The other 13 CEF modes are listed in Table S4 . The 4 low energy CEF modes indeed have Ising-type anisotropy as shown in Fig. 3F . Under a magnetic field along the local Ising axis, the Ho moment steeply increases to 7.7 µB at 1T (8.1µB at 6T), which is much larger than 6.5µB and 4.0µB for fields along the two perpendicular directions at 6T.
Because the CEF Hamiltonian does not include the effect of exchange coupling between Ho moments, which is of similar size to the separation between the lower CEF levels, it may not fully account for the anisotropy of the moments, especially at low temperatures. Dy3Mg2Sb3O14 (22, 23) where they are comparable. This is likely a result of the relatively strong RKKY-type interaction between Ho moments (27) . As a check we calculated the M(H) curves for H along b and a axes at T=1K through Monte Carlo simulations [ Fig. 4A ], which agree with the experimental results in Fig. 1C and Fig. S2B . We do not consider the effects of the Dzyaloshinkiy-Moriya interaction (31) .
Classical Monte Carlo simulations
Monte Carlo simulations of the classical spin model on an 18×18 lattice with periodic boundary conditions give three peaks in the specific heat vs. temperature plot as in the experiment [Fig.   4B ]. The positions of the two peaks of C(T) at lower temperatures agree well with the experimental data in Fig. 3B . The broad peak at the highest temperature (denoted as T3) is due to the gradual development of ice-rule correlations for Ising spins. T3 is mainly determined by the nearest neighbor exchange coupling which, however, is not fixed by the experimental data.
Because Ho 3+ in the real material is not Ising-like at T>20 K thanks to strong population of higher CEF levels, such a peak does not have to be present in experiment (31) . Most importantly, the ground state and the partially-ordered state can both be reproduced by the Monte Carlo simulations (Fig. S16) . We thus believe that the classical spin model captures the main characteristics of the magnetism of HoAgGe at low temperatures.
The temperature dependence of the magnetic entropy in Fig. 4C confirms that the peaks of C(T)
at T3 and T1 in Fig. 4B correspond to the formation of spin-ice correlations and the fully-ordered ground state, respectively, similar as predicted for dipolar kagome ice (10, 11) . However, the peak at T2 in Fig. 4B does not correspond to the transition into the "magnetic charge order" in dipolar kagome ice, which has an entropy of 0.108 kB per spin (10, 11) . In fact, the magnetic However, it has been shown more recently that the state of Fig. 2C (and the ground state as well) has a Z6 order parameter, similar to a 6-state clock model, and the transition into it should be of Kosterlitz-Thouless (KT) type (37) .
Our model (as well as the physical system) is different from both dipolar and short-range kagome ice cases because of the co-existence of the further neighbor exchange couplings and the long-range dipolar interaction. The precise nature of the two low-temperature transitions in our 2D model may only be elucidated through comprehensive finite-size scaling analysis, which deserves a separate study. It also remains an open question how the transitions are influenced by the long-range tail of the RKKY interaction. In reality, however, the KT transition may not be very likely in the 3D HoAgGe, especially considering the strong exchange coupling between neighboring kagome planes (31) . Another piece of experimental evidence is the critical exponent β=0.321(3) of the (1/3, 1/3, 0) peak intensity near T2 [Fig. S4A ], which indicates the 3D Ising nature of the magnetic order (42) .
Discussion
Although the Monte Carlo simulations of the classical spin model above are in partial agreement with our experiments, they do not explain the experimental value of the magnetic entropy Sm=10.38 J·mol -1 K -1 ≈1.248R at T2, which is very different from the 0.231R given by the model.
Qualitatively the discrepancy should be a result of the thermal population of multiple low-lying CEF levels of Ho 3+ , which, however, leads to the question why the classical Ising Hamiltonian is applicable. In pyrochlore systems such as Dy2Ti2O7, the classical Ising behavior is a consequence of the dominance of CEF splitting over exchange and dipolar interactions. This leads to an effective pseudospin-1/2 Hamiltonian with only the pseudospin components along the local easy axes present (43) . These pseudospin components are thus good quantum numbers, justifying the use of the classical Ising Hamiltonian.
In HoAgGe, metallicity simultaneously suppresses the CEF splitting of Ho 3+ ions and enhances the exchange coupling between them, making the two energy scales comparable at least for the low-lying CEF levels. Thus the large (J=8) Ho 3+ moments in HoAgGe at moderately low temperatures, when multiple CEF levels are occupied, are closer to semiclassical spins with strong single-ion anisotropy. Such a semiclassical model can still be mapped to an Ising model at the expense of introducing further neighbor exchange interactions (44) , which serves as an explanation for the apparent validity of the classical Ising Hamiltonian for HoAgGe. A complete understanding of the entropy data awaits a full quantum mechanical description of the system. It is worth noting that the deviation from an ideal spin-1/2 system can also lead to stronger quantum fluctuations as in the cases of Tb2Ti2O7 (45) and Tb2Sn2O7 (46) .
The metallic nature of HoAgGe not only makes it a high-temperature (in comparison to pyrochlore spin ices) kagome ice, but may also lead to exotic phenomena, such as the interaction between electric currents and the magnetic monopoles or the toroidal moments, the relationship between the non-collinear ordering and the anomalous Hall effect (47) (48) (49) (50) , and metallic magnetoelectric effects caused by broken inversion symmetry (51) . Our results suggest that ZrNiAl-type intermetallic compounds are a prototypical family of kagome spin systems, which may host other exotic phases beyond the classical spin liquid (52, 53) and deserve further investigation. A B C
